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Absiract

We have used a new, isentropic-coordinate thoec dimensional chiemical transport model to
investigate the decay of ClO and evolution of ouhier species in the Antarctic polar vortex during
September 1992, The model simulations coecr £ same southern hemisphere period studied in a
companion dala paper by Santee of ol [thio v oL The model is intalized using the available
data from the Microwave Limb Sounder {MES) Cud Cryopenie Limb Array italon Spectrometer
(CLAKS) on the Upper Atmosphere Resca oo s ellite (UARS). During, the model initialization
chemical inconsistencies in the UARS data hoce e evident. Fields of odd nitrogen (NO,,) derived
from CLAES N,O underestimated the o of the divect observations of the major NQy, species.
Results from the model integrations at 165 Koand b&E K are sampled in the same way as the
various UARS instruments and corpared 1o the observations botl divectly and by considering
average quantities in the inner and cdec vortes vegions. Sanipling the observed species in the
same way as the UARS instruments is ivoportar inremoving any spurions trends due, for
example, to changing solar zenith angle. While e model can reproduce the magnitude of the
MLS ClO obscrvations at Hh85 K, this is nor pos-ible at 465 K. The model partitions too much
C1O into ClL,Oy to reproduce the observed CHO wnieli is around 2.0 parts per billion by volume
(ppbv) averaged within the polar vortex. The noodel also underestimates CHLAES CIONO; in the
immner vortex at 465 I duce to heterogencons vronessing. The observations require that effectively
all of the inorganic chlorine is in the form S U0 and CIONO, i the mner vortex at this
altitude. In the basic model run, the decay of C1O prodnces CIONO, which is not observed by
CLAES. Our results indicate the potenticl inporiance of the speculative reaction hetween Ol
and ClO producing HCl {for the recovery of THC o the Antaretic sprine. By including this




reaction, the decay of model C1O into HE 1 1 cranced, vielding better agreement with HCL data
from the Halogen Occul tation Experiment (1A 1T O15) data.Similarrcanlts can also be oblained
by including, the reaction hetween O, ane o 010 o produce O with @ 3% channel. The model
generally reproanc s theobserved Ogde-tin tio o during September. T most significant
discrepancy for Oy is i theinner vortes a4 670 whercthe model nnderestimates th e observed
Oz loss  especially when thie e ficcts ol vertio mmotion are included




Introduciion

In a companion paper, Santec ¢l al. [this
(hercinafter referred to as S96) discuss the
vation of ClO as observed by the Microwave Lin
Sounder (MLS) during February 1993 in the vt
ern hemisphere and during September 1802 4n t)
southern heniisphere. Tn the northern henizpho o

observed decay of ClO was accompanied by .
crease in CIONQy observed by the Cryogeme 1 b
Array Kialon Spectrometer (CLAYS) and he ot
rine budget appeared closed. THowever, in the sout
ern hemisphere the decay of ClO in Septesnher w -
not matched by an increase in CIONOg. o fa vt
CLALS CIONO, data showed a slight negative 119
at 585 K within the polar vortex. Becanse of th
}
of Scptember 1992 using an ofl-line chanical 1
port. model initialized using Upper Atmo-phere |
search Satellite (UARS) data and constrained Ly n
teorological analyses

parent diserepaney, in this paper we study i

1

Of-line three-dimensional chemical transport e |
cls (C/IMs) are becoming widely used s
of stratospheric chemistry. When these models e
forced by aunalyzed meteorological winds they pi
vide a powerful framework for the interpretation 0]
a wide range of stratospheric data [e.g., Jloomd o e
1989; Kaye ot al., 1990; Lefévre el al., 1991, Clapp -
field et al., 1994]. In this study we use a new thy

dimnensional CTM (SEIMCAT) which is @ develo ]
ment of an existing CTM, TOMCAT, which w1y
mulated on hybrid sigina/pressure levels. Vhe e
improvement of the SLIMCAT C'TM ovar the 'O
CAT (/I'M is the use of an isentropic vertical coor i
nate with a radiation scheme to caleulate the verti o
molion.

It is important to understand quantitativetly €10

deactivation in the polar regions as this will ploce

a limit on the rapid chlorine-catalyzed Oy dey

tion. In a recent paper, Douglass el ol | !
mented on the different recovery (ClO deactivation
regimes which occur in the northern and ~onthen
hemisphieres.  While the ClO decays ante CHOND)
in the northern hemisphere, this is not observed
the south. Douglass ¢l al. [1995] argucd th 0.
causes the Cl coneentration to increase relutive €0 C 1O
permitting the faster recovery of HCHin the
hemisphere; such possible conditions were a
tioned by Prather and Jaffe [1990] and Clapge s [ b
990).

The following,

wetion deseribes the SEIMUAT

The wodel expariments are then described followed
by details of the chemical iuitialization of the model
froan UARS data, The results of the model simula-
Lio

e then presente ] followed by a suinmnary.

Sl <A CTM

As the (VPM has vol been desaribed elsewhere,
a few gencral deails are presented here. The de-

tails of the experiments diseussed in this paper are
given at the end of ol tion. The SLIMCA'T isen-
topic thres dimensionat CTM s a development of the
TOMOCAT threc- dimans ional CTM first described by
Clapporficld o al [1993] The TOMCAT CTM uses
the e vertical prid as the preseribed wind and
temperatore fields wineh ave cither isobaric or hy-
biid pressore/signa lovels as used inmany general
cirenlation modes (GOMs). In TOMCAT the ver-
tical velocities are caleulated by integrating the di-
vergence of the lovizontal winds. In SLIMCA'T the
vertical levals are surfaces of constant potential tem-
porature (6) which are more appropriate for strato-

sphenc tracer wansport. ‘The horizontal wind and
temperature ficdds are interpolated from the analy-
siv (o GCM) levels oo the nodel 0 levels. ‘The
SLIMCAT vertioal grid is completely independent of
the analysos (o1 GOM) Jevels and the vertical domain
of SEIMCATT is fHimited by the maxiimuin and mini-
L € Jevels which e completely contained within
the analysis (or GOM) vertical domain. The indepen-
denee of the SLIMCA'T vertical grid from the analys
(o1 GOM) grid necans that the model can be run with
very lngh vertical tesnlution, Alternatively, thenodel
can L run at just a fow levels inoa particular region

of interest permitting Liph horizontal resolution. The
versatility of this maodcl, the ability to use a simall
snuber of layers, is a strength. The vertical, purely
diabatic, motion in the mode) is caleulated using the
MIDBAD radiation seheme [Shine 1987, The ther-
nial ifrand scheme s as deseribed by Shine [1987]
Although Curtis matiiees are not used and so nonlo-
cal thermodynanmie cqnilibriun (non-L11) is not ac-
counted for, The soln schemne is that of Shine and
Jaokaby [1989). The yadiation scheme uses dumny
levels above and below the SLIMCAT levels to take
account of the 1est of the atmosphere. The model can

aler be tom with the vartical transport switched off,
which pro hices unconnected isentropic levels.

The moded vertical prid is defined by specifying 0
at the centers and intafaces of the model levels, The

and temperatures {obtained from

horizomtal wing




spectral coceflicients in the case of FCMWIE -y, s
ses used here) are interpolated from the smaly.e -
els to the centers of the SLIMCAT iscntropic |
Temperature is also interpolated to the Jevl
faces, permitting the caleulation of pressure 1
level interfaces and therefore the mass per unit oo
contained in the model level, This s (1
is used to convert the horizontal winds (o |
mass fluxes which are then used to derive tl
cocflicients of the divergence and vorticity of the .
fluxes on isentropic levels. The use of spectial

ficients allows a straightforward change of horizon o

resolution and allows the mass fluxes to be cal ala

at the horizontal box interfaces by choosing the oo
rect spectral transform, For a given isentropis 1oyve
the mass thickness of a level can change by v 1w

tor of 2 over the globe due to temperature var,

The model adveets (and conserves exactiv) total i
well as tracer mass and the mass cos

11a8ss ¢

a box after a transport step will not ne ess ty !

equal to that derived from the analysis teugs 1.
ficlds.  Furthermore, becanse the calenlation of 4

vertical winds is independent of the specifiod heob
rontal winds the transport of total mass in the e bol

will not necessarily balance: the decreasc

!

BT igsr 1 h

mass at a point in the model caused by i iy
gent/convergent horizontal mass fluxes will not 1w
sarily be balanced by the vertical transpori
by MIDRAD. Therefore, an a posteriori cotrie
applied to cach model box at every time step e
set the mass of the box to that calculated fion i
1sentropic density obtained from the forcing, to oo

ature ficld. During this readjustinent the 1ra
15 also adjusted in proportion to the total 1
keeping the mixing ratio constant. The 1 :
of this correction has heen examined for the 20 o
experiments discussed below. A simple oy
was performed using a tracer of mxing 1
not correcting the mass. After 20 days the s of
the tracer was within 15% of the caleulated Lios o

over most of the southern polar region. Tn the fuin.
a more physically based adjustinent to the 1ass
will he implemented.

There are a number of henefits of using Jsent o
levels for tracer transport in the stratc
guasi-horizontal motion in the stratosphr:

"
between horizontal and vertical motion. Witl
baric model the quasi-horizontal transport ¢z
exchange of tracers hetween levels. A
resolution of the model is likely to be fainh

sher

tropic, this coordinate system gives a truc

the ver e

ot only will this feadl to numerical diffusion but also
other species could Lo perturbed, especially if the
tracers are chemically active. Also, a large motiva-
tion for the creation of SLIMCAT was the availability
of UK Meteorological Office (UKMO) UARS analyses
col 3 hPa [Swinbank and O’Neill,
1934). The ana ysen oxtend much higher than other
analvses available 1o us {e.g., Furopean Centre for
Medium Range Weathor Forecasts (FCMWE) which
hPa). The UKMO analyses
rid the wterpolated orizontal winds v and v onto

U toan altit

have a top leve! wd
¢
UARS pressure levels When we used them in the
TOMCAT model, the vertical winds (derived from
the diverpenee) were noisy. In SLIMCAT the use of
etne to calenlate the vertical transport
ths problens, although the representation of

ala

ration

aV Ol

I now depends on the accurate
tes. Weaver et al. [1993) dis-
ion scheme to resolve some of
the problems of vertical winds from assimilated data
s Weorer of ol [1993] found that for simu-
, use of a radiation
heme gave a b tter yepresentation of the meridional
atron, compared to the analysed vertical winds
-

the vertival trans
[ he

Fthe use of o rad

alsulation

fing

wroddn

Fations of imany months o vea

cIret
which were continually heing shocked by the a

lstion pro:edure,

IMCAT uses the second-order moments advec-
tion scherse of Praths [1986], which is the schemne
use i TOMCAT. This seheme is accurate and non-

diffusive and well suited to the preservation of sharp

gradicnts that can be produced in both the horizon-
tal and the vertical for example, during cases of po-
d (PSC) processing. The model
can also he uscd with a first-order moments advection

A

lar stratospheric of

O 2610 Order ments scheme to reduce the

{

sl

TUCIIOLY Teuireh
SEIMCAT can L
for p

schanc, Alternatively, the model can be coupled

Jsnnply as a transport model

ve Qacers or withe any idealized chenistry

with o detsiled stratospheric chemistry scheme. The
e usd here as identical to that used in TOM-
CAT and the species considered are listed in ‘Table
I The chommeal sohenes has a treatiment of hetero-
genvons cliomistry on PSCs [Chapperfield et al., 1993,
1601) [Chapperficld et al., 1995).
The craurrance of type 1 PSCs s predicted using the
modciclas ol INO 1,0, and temperature and the
alperitlin of Hansow vl Maucrsberger [1988). The

i salfate arepos

model docs ot contane any microphysics or super-
saturation: the PSCs o -cur whenever they are ther-
modynanncally possible.




In this paper we have used the GTM 1o condu
experiments in the lower stratosphere for Sceptomibe
1092, As the region of interest is the lower strat
sphere, we have used ECMWI analyses with the spe
tral truncation of 142 1o force the model brane
these are available 6-hourly. T this region, dinhate
heating 1ates are small and so most experiments wes
perforimed without vertical transport. The mo o
izontal resolution was that of the Gaussian grid e
ciated with this spectral truncation (2.8°x7.8 7. 11«
model was run with three €@ surfaces centered s Ath
K, 585 K, and 655 K. The level at 6HH K was in
cluded so thal descent into the layer at H8H )N coubi
be treated correctly. Photochemical data vwere penn
ally taken from DeMore e al. [1994]. Yor the aleorp
tion cross sections of Cl,Qy the data of Buikhodfu 4
et al. [1990] was used in the wavelengtl repion o
350-110 nmin, which is the critical wavclength veor
for deterimming photolysis rates in the polar Tovs
stratospherc.

Experiments

In the six experiments the model was ratepatdl
on three @ levels fram 1200 UV August 31, 1202, L
20 days (32 days for runs B3, 1), and ¥}, Run A v
the basic model which iucluded vertical oty e
run B, vertical motion was excluded; the three o
rate layers evolved independently. Iixperiment O v
identical to experimment B except the photolyses o
eflicient for Cl,Oy was increased by a factor of 5
xperiment 1Y was identical to experimoent )3 exe
it included an 8% chianmel for reaction (11 el
FFinally, experiment 1 was identical to experimen
except 1t included a 0.3% channcel for reaction {13
below, while experiment I' included a 3% ¢hannel 1o
reaction (R3). The experiments are sunimatiz
T'able 2.

The net vertical 1otion produced e the nede
run A was analyzed. On September 20, after 20 day s
integration, the nel descent (change in 0) of air a1 L85
K was -20 K at the center of the vortex. At 4G5 Wi
maxinnnn descent was - 10 K at the edge of the vores
with less descent at center (not shown). "Fhes o
spond to average vertical velocitios of -0.4% v/ at
585 K and -0.28 /s at 465 K. Becausc the veril
motion was small, run B was taken as the stnaad
model Lo shimplify the interpretation of results B d
on CLAES data, S96 calculated the average veris o
motion in the vortex during this period to be 04003
mm/sat 85 K and -0.74 0.2 1 /s at 465 10 and i

cussed the effeet of this on ClO, (= ClO 2C1,03)
arcd CTONO,.

Exporinent Chvas porforined to foree the ClO:Cl, 0y
parhtioning in favor of ClO. As we have used the
Cl 0Oy cross scetion values of Burkholder et al. [1990]
botwern 350 and 410 nna. which are larger than very
recent recommtnendations [De More ef al. 1994], exper-
noent Cs probably poshing Jogoy above the it
of vneertamnty, However, run C (discussed helow),
lustyates that even 1has Increase In Jegge2 cannot
suflicirntly aller vhe partitioning in favor of ClO to
reproduce quaninatively the MLES ClO observations
at 46hH K.

Cluondr ef ol [1993) and Towmi and Bekki [1993)
(using the balloow data of Stachnik of al. [1992]) have
shiown that inclusion of the following reaction

(RY) Ol 1O -» HCH Oy
as & nunorchanuelcompared to

(h2) O 10 ) 10, 4 C1

itnproves the agrecment hetween 21 models and ob-
servations of CIO, HOT and Oy depletion i the upper
stratosphere (see also Mellroy and Salawitel [1989]
and Nalavgan and Callis [1991]). Forther, in an ide-
ahized study, Loy of of [18950] suggested that this
rea~tion could b hpmrtant for the recovery of HCI
after PSC proeessimg, However, there is no direet
chemical cvidence forrcaction (R1). I is the thermo-
dynamically stable clianmel but involves a four-center
trancition state, Athison of al. [1995] suggested the
bravching ratio for this channel should be taken as
0.02 1527 30 exprrinnnt D the effect of this reaction
on the decay of lower stratospheric ClO was investi-
gated quantitatively Dy comparison with UARS data.
Weadopted a yield of 8% for reaction (R1) similar to
the previous madching studies cited above.

Another specalative reaction which could lead to
NCT formation is

(kY)Y 1O, Clo - ) HCH Oy
as g oninor channel compared to
(R4) HO. - ClO -» Os 4 HOCI

Although reaction (133) is strongly exothermic it would
alsorequire a four contered transition state, Burrows
and Coa [1981] mcasured the upper limit for the quan-
turn vick] of this chiannel to be 0.3%, whicli is the cur-
vent TUPAC recommendation [Atkinson ¢t al., 1995].



Finkbeiner ol al. [1995] have recently reporied Lo
values which increase with decreasing Gompe i
At 210 K they micasured the yield for reaction (10
to be bl 2%. The eflect of this reaction v e e
tigated in experiments ¥ and . Experiment o
the currently recommended upper Nt of 048% o
the quantunmyyield (f (R3 | while run I used s v
of 3%.

Itialization

For short case st udy  ntegrations of CI'ae th
chemcal initialization is critically important 1 1h
simulation is to be realistic. For this study the UA TS
data for August 31 was interpolated onto the )4
Gaussian grid on the isentropic surfaces 0. 165 K
0=58H K, and #: 655 K. The MLS Oy dala e i
version 3. For o O, HNOg and ClO, dats fron oon
recent MLS retrievals are used, as descnbed bebow
The CLAES data is version 7 and the Talogin
cultation Experiment (HALOR) 1CH data nsead T

low for the model comparison is version 17 {flus U

et al, 1996]. When HNQOg values depant substan
tially from climatology (c.g., following devitritivat
in the Antarctic polar vortex), MLS version 3 ¢ O
values are too large by around 0.1 parts par billiy
by volume (pphv) at 22 hPPa and around 0.2 ppla o
46 hPa [Walers et al,, 1996). In this study we s
CIO values from preliminary algorithins that sl

trieve TINOg, climinating the bias in the ver-ion
data. Walers et al. [199D] also report a scaling ¢
i the CIO data due to the ClO line strength far g
being 8% greater than the value used i 1the careen
retrievals. We account for this by reducing the MIS
ClIO abundances by 8%. S96 give further detains o
the UARS data and details of the instrument o
The UARS data are not entirely self-consistent m
so the model initialization is not straightforwm 4. ot

six experiments were initialized in the same wav, iy
the absence of observations the CIM takes e i
tial cherncal conditions from a 21 (latitude heigho)
model initialized in potential vorticity (PV) - ¢ sy o
using the method of Lary el al. [199ha) whiie w
based on a technique first deseribed by Sclockio)
al. [1989].

The MLS and CLALS instruments on UARS yoal o
measureinents on both the ascending and the
scending, side of the spacecraft orbit.  Except e
ing UARS yaw mancuvers, cither the asconding o
the descending side will correspond to nandy das
time measurements and the other side will corres i

to mainly nighttime measorements. (During the yaw
period both ascending and descending sides of the or-
bit cam howve siguificant numbers of daytime measure-
mients). For the period studied here, the descending
side corresponded to mainly daytime measurements
up 1o September 300 After this date the ascending
side made mainky day time mecasurements. For short-
lived species (c.po, CHOT iU is important to distinguish
between the asconding and the descending measure-
mentson s gaven day while for fong-lived species (e.g.,
Oy) use of hoth a~conding and descending sides to-
gothor redoees the anciom errors 1o the data.

Long-Lived Tracers

UARS data for Anenst 31 was used for the model
ynitishization.  CHy and NoO were specified from
CLALS data {averapod from the ascending and de-
scending sides). Oy was specified from (ascending
and descending) MLS data [Froidevaur et al., 1996).
11,0 was ~pcoificd fror the nonlimear MLS ierative
rebrieval [Sanfec of ol 1095],

Odd Nitrogen Spedies

Olservations from reeent polar campaigns have
shown the buportam aole of measurements of long-
lived tracors, such as NoQ), as a coordinate frame-
work for other observations. Related to tlas are the
cortelations that arc oheerved between pairs of long-
Ived tracers [Talcy o ol 1990; Plumb and Ko, 1992).
Mcusurerar s of onc Jong lived tracer can therefore
he used Lo derive other Tng, lived tracers. In this way
the CLATS NLO coulid e used to derive the expected
total odd nstrogen (NOZ e ppbv) from the expression

[NOT] - 207 0.0644][N,0] (N

from Locwcnstenc o o T14993] based on Arctic data.
This expression i denved from ER-2 data and has
not yot bean validated st altitudes above 20 ki, The
above correlation will 1ot apply if there has been
denitnfication/sedimentation which certainly occurs
i the aushral polay vortex during winter. This esti-
mated NOO can be compared with the sum of the in-
dividual MIS TINOy ot CLABS NOg and CIONQ,.
Figure Ta shows the denved NOZ - at 465 K. At high
latitudes the maxinunn NOZ s around 10 ppbv. Be-
tween 608 and 3075 1here is a large region below 4
ppivand over the sonthern tip of South America NOy,
w shiehtly negative (087 ppby, not shown by the cho-
sen slovling ), which yeaalis from very high NoO val-
ues, Around the 60°S fattude circle the suim of UARS



IHINO4 + NO3 4 CIONO, has a maximum of
15 ppbv (Figure 2a). This is much larger than NO
derived from CLAES N2O in a region whore denanr
fication should not have invalidated the comy:
unlike at the center of the vortex when the micasne
NO, underestimates NOj. The estimated systeinad
error in this CLABS N,O data is 20% with a piee
sion of 8%. By using the extreme of the CLATES crre
litnits with the extreme of the 15-20% cnor i
NO;y, relationship [Locwenstein et al., 1993], this di
crepancy cau be improved. At 585 K the miaximu
NOj, at high latitudes is around 15 ppby (Figure 1h
However, at 60°S the NOj, again underestimato. tl
sum of UARS HNQO3 -1 NOy | CIONO; (Figure 2b
At this altitude, denitrification would certamly redig
NO, (and probably at 465 K too) and so the d)
ancy between NOy and the sum of the UARS nitrou
species around 60°S is in the wrong sensc for this 1
be the cause.

1~y

Because of the apparent problems (due, i p
high N4O values and the denitrification ai the o3
ter of the vortex) the above correlation mctliod v
not used. HNOy was initialized directly from (as cin
ing and descending) MLS data [Santee el ol 1%
In the polar region the model NOy, was limited 1
this MLS HNQO4 and the contribution from ClONO
CLADS NO, was not used to initialize the nodel ol
ward of 45°S (sce helow).

Chlorine Specics

The problems enconntered above for the No(y:NC1
corrclation obviously implied that the CLAES N.©)
could not be used to derive the expected inorganic
chlorine (CI3) [e.g. Webster et al., 1993; Woodb i
el al., 1995]. Indeed, this procedure was tested an i
the derived Cl, underestimated the sum of CLATS
CIONQO, and MLS ClO in the vortex region, oo
clally at 46b K.

The model chlorine species were therefore
ized using a combination of the Cly field fiom 1he 2D
model and the descending (daytime) messimaments
of MLS ClO and CLAES CIONOg [Margenthaler o
al., 1996] and limiting the maximum total wixing v
tio 1o 3.3 ppbv. This sum was used as the total ¢
unless the 2D mmodel would have predicted more {fin
example, at the vortex edge). In the center and edpe
of the polar vortex, 11C1 was initialized to zeio
any excess Cly, after the initialization of firnt C1O
then CIONQOg was added to ClO, (CIO -] 2Ci,0.)

Acrosol Surface Arvea

The avarlable arrosnl

rface arca was specified 1n
a from the SAGE 11 instru-
meni (L. Thomason. personal conmmunication, 1994).
The initia) surface wrea was constant with latitude

the rnde) based on de

ard tongitude and spealied at 2 jan?/em® at 655 K,
hoon?/em® at 55 K oand 10 jan?/em® at 465 K.
These values 1eflect the relatively high values that
still porsisted 1H months after the eroption of Mount
Pinatubo. A= mentionsd above, the occurrence of
PSCs within cach grid hox is predicted on the basis
of the model ficlds of 1.0, HNQg, and temperature.

¢S

homine Spe

‘ere initialized fromn the 21D
Jatitude-height model. The upper stratospheric load-
ing of BrO, was 20 parts per trillion by volume
(ppiv) and at the conter of the vortex at 465 K there
was about 19 ppty. The short-lived bromine species
rapidly adjust to the Jocal photochemical conditions.

The bromine species

I esu ts

s between the model and

We pressnt compat
the UARS data by showing, averages of the chemn-

ical species within the center and edge regions of
the vartex at 465 K oand bsh K. We calculated PV
from the ECMWE analyses that are used to force
the model  On cach day the inner vortex region
as defined by the Tt of the =55 PVU (1 PVU =
100 KmZkg Yo ) contour at 465 K and the -130
PVU comtouar at beh K. The vortex edge was then
defined as the 1egion between the inner vortex and
the =20 PVU contour at 465 K and the -65 PVU con-
tour at Hh&% K. Figure 55 shows the calculated position

of the imner and edpe vortex regions at 465 K and

585 K for September 5 oand September 15, The in-
ner/edge vartexs averapsd values of MLS ClO and O3
and CLAES CIONOS were oblained by caleulating an
area weighted mean of the measurcments within these
IS

In the following, plots the C1O and CIONQOz aver-

1 ascending data only while

ager were caleulated i

the Oy averages ware culeulated using both ascend-
ing and descendinig data Tor the HALOE HCl data
the mmer/edge vortex average is a siinple mean of
the mdividoal sunrise profiles that fall within the de-
fined PV contours on @ given day. The model vor-
tes averages were caboudated in three ways. In the
first 1nethod the aver was an arca-weighted value
within the vartex at @ fixed (1200 UT) time. Second,




for C1O and CIONO, the vortex average was nlso . a
culated by sampling the model at the sarme Local { e
as the MLS and CLAES measurements througlionst s
24-hour period. Third, for ClO a vortex averaes -
also calculated from the model ClO sanpled ot o
local solar time (1.S) at all poiuts.

Self-Consistency of UARS Initial Dadtas

During the process of initializing the model 31 e
caine clear that there were chiemical inconsistcon o
between some of the UARS measurements, Tl p b
len with the CLAES N, O has been mentioned ab v
Another example is MLS ClO and CLAES N(), sl
high southern latitudes on August 31 (rot shiow )
There is a region of NOy greater than 2 ppla oo
33098, 60°S and a large region exceeding 1 ppla &
higher latitudes. These high values of NOy, are can
cident with ClO values larger than 1 ppby. Follow g
imtialization with these two fields the 1vodel chicin
istry would lead to rapid production of CIONO., [yl
decay of ClO). Because the observed CHO doce 1o e
cay so rapidly we did not use the CLAES NO. witd i
10¢ latitude of the polar vortex.

Evolution of Cl10, CIONQO, and 11()

Vortex averaged quantities. Viguro 4 shows
the average model Cl,, species within the two vortoy
regions at 465 K and 585 K for run BB (the stiniierd
model run without vertical transport). Tn this 1un 4
Cly, is Toughly constant at 2.8-3.0 ppbv at 4675 I\ w0
3.0-3.1 ppbv at 585 K. At both levels and i both
gions, ClQ, is decreasing during the modcl vor T
decay of ClO, is more rapid in the edge vortex teei o
compared to the inner vortex and more 1apid ot h+)
K compared to 465 K. At 585 K the graclnal deay
of CIQ, in the inner vortex region produces an i
crease in CIONOy, up to Septanber 20, after whi b
HCI recovers more rapidly. In the edge region ot o0
K, €10y 18 lower than in the inner vortex and it aly
decays rapidly to CIONOy, although after Septomly
6, CIONOy, itscll decays and HCI incrcases At 16H I8
m the inner vortex the decay inmodel CIO, isinitininy
slow. CIONQy iuercases slightly before Scptember i
but after this date both CIONQOy and 11C] e
more rapidly. At the vortex edge at 465 K 1l -
cay of ClO, initially produces CIONO. with o sl
increase in HCLin late September.

Figure H shows the average MLS ClO juside 1
two vortex regions at 585 K and 465 K. {Note tho
the mitial sharp increase in the MLS CIO s due vt
changing LST of the measurements as the asecodn .

observations meve from nighttime to daytime). The
ClO data show barear average values in the inner vor-
tex compared to the edpe region and also larger values
at 45h K ovelative to 555 Ko AL 585 K the immer vor-
tex ClO shows w distinet decline after September 3,
whil-inAhe edge region the much lower average values
arc more constant., At 465 K iu the inner vortex the
taximun average ClO values are ncar 2,0 ppbv and
the milercnce of a trenid s maore difticult, although the
valucs do decline after September 10, In the vortex
edge al 405 K the avirage CIO values are relatively
constant around 0.6 pphy.

Also shown in Pigoee b are ClO results from model
rur B osaapled at the same lacal time as the MLS
measurerments. he elobal model ClO fields were
stored every 30 mnntes and for each grid box the
output closest 1o the NMLS measurcment time was
used. By samphing the model at the samne LST as
the MLS micasurements the voriex averaged ClO (af-
ter Septeniber 47 0w sienificantly higher compared to
the sanphing «t 12 U1 (Figure 4) at both 465 K and
80 I as daytime ClO values are used at all longi-
tudes. AL 58O K this “daytime’ ClO is very similar
oanagnitude to CHO, (Pigare 4) while at 465 K the
‘daytnne’ CIO s sienilicantly less than ClO, (espe-
cially 1t the inner vortex) due to the contribution of
CloO5. The decay of taode) CHO at 585 K in Figure b
aprecs very well with the MLS data in terins of both
tagnitude and trend in the inner vortex and slightly
overe-timares the magnitude in the vortex edge re-
gion. However, at 465 K the model underestitnates
the MLS abservations by more than 0.5 ppbv in the
mner vortex (Figare hid). Interestingly, the decay of
the model CIO w465 1K in Pigure 5d (or indeed the
CIO i Figure 4d) 1s not as strong, as the decay in
CIO,  As ClO, Aesrenses, the partitioning between
ClO and ClOy shift<in fivor of C1O thereby reducing,
the apparant docrease,

Thire raay e also an influence on the observed
ClO trend due to the changing LST of the MLS obser-
vations The sharp incrcase in C1O before September
35 duc Lo the shift of the ascending observations from
mighttnne to daytinme  S06 show that the solar zenith
angic of the ascending CLO mcasurements then de-
creascs from around 867 at high latitudes on Septemn-
ber 3 to around ¥H° on September 17, Pigures He and
Hibalsoshiovy the vortes averaged ClO from the model
run BBoat 465 N when itas sanpled at 12 LST at all
Jongitudes. This sampling will maximize the model
CIO (and nindtnze CLOY) for a certain amount. of
ClO, and iNlustrate the dllect of the changing LST of




MLS observations on the apparent ClO trend <1 b
sampling result s in a significant increase nythono il
ClO in early September (when the ascending M LS
obsc pvations were stillwdarkness) but very st
values laterinthe montlywlier) the ML S i

ments were essentially very close to local noon Iy

the inmer vortex the ClO sampled at 12 1S 1 <) s
very little change (although CL O, in Figure 45 d e
decay slightly). Atthievortex edge the ClO sy
al 12LST dots $ ,ow amorcdistinet downwardirond
than ClO sampled like MLS, which implies that the
changing MLS observation times disguoisos the (o
trend slightly.

Figure 6 shows the average (¢ 10 INOyfromCLA LS
for the two vortex regions. At 585 I the CLATN i
docs not shiow a clear trend m the mmner vortes w |
the average values remaining necar 1.D ppby In thn
edge regionthe CL AESobservationsappeaitoshons
dow nward trend from around § .7 ppby on Anpust )
to 1.4 ppbvon September 17,0 At 465 Kthe (LATS
vortex edge avera ge remains around 1.1 ppbn withy o
significant trend while inside thie vort ex the ave 17«
CIONQO; increases slightly from 0.5 to 0.7 pplw. Iy
thesingle vortex-fiver':lr,c analysis of S96 the (LA TS
data showed a slight negative trend at 585 I and
also at 465 K when the ellect s of vertical ot
accounted for.

Also shown in Figure 6 arc model resulis{tornran
B. At b8) K the model was sampled at boih i 1]
and at the same LS17ds the C L ATES observatin s
The diflerence hetween these 2 sampling, patteins i
around 0.1 ppbvinthe inner vortex and () 7 ppin
in the edge vortex and illustrates the efieerof the
CIONO;, diurnal cycle. At 465 K this efieet ione s,
ligible due to the slower photolysis at this alvituie
At 585 K the maodel (sampledlike C LABS) produc .
a significant mcrease n (,'00 INOg i themmnesvores,
from 1.3 ppbv to 1.9 ppbv, which is not sccnm i
CLAES observations. In the vortex edge  thimmo el
dots show a decay from September 6 hut thaino of
valucs arc aboul o .4 p pby larger than CLAYS Al
465 K at the vortex €dee the model CIONO, in 1o
B increases from around 1.() ppbv on Septemhin 1
1.5 ppbv on September 17, anincrease whichag. o
is notsconinthe CLAVS dat a. In the i viones
at46b Krun B snows a slight increasing tradl 11
themodel has much lower values than LA RS u tlhis
region which is still highly act ivated in the po il

Generally, a munber of features of run B oshiow 00
comparison with the data. The model unde restima -
ClO at 460 K compared to MLS data and overes

tates the recovery into CIONQg compared to CLAES
at Hheh K and inthe vortex edge at 465 K. Conversely,
the mode! underestimastes CIONQ, in the inner vor-
tex a) 465 K. Theso disrepancies were investigated 1
a rangee of sensitivity studies which are now discussed.

in yan O, where the photolysis rate of Cly04 was
imcreased by a factor of 1.5, the results at 585 K are
very similsr 1o ron B aud sre not shown. Figures de
and hd (above) iuclude the average CIO from run C at
465 1. Tnereasing Jeqaom has shifted the ClyO4:Cl1O
cavilibrium towards ClIO and run € has around 0.2
ppbyv more C1O in the juner vortex compared Lo run
B, The increase i CHO hetween run C and run B
the vortex edge (wheoo ClO, ds Jower) is much less.
Deepite this Targe H0% increase to Jepgoz the model
stili underestimates the MES ClO by up to 0.5 ppbyv
around Scptember 100 which confirins the difliculties
in quantiGdively reproducing the observed values in
the very Tow stratosphiere,

By inelnding the 8% channel for reaction (R1) in
rton D the results wre signilicantly modified at hoth
405 K and 580 K. Figare 7 is a siinilar plot. to Figure
4 but for van DL Althougl veaction (R1) is a sink of
ClO the cllect of this reaction depends on whether
any Turther heterogeneous processing occurs. At 465
K comparcd to run B there is much more ClO,., less
CIONOy, loss HOCT andd nore HCL in ran DL At this
altitude there s ongoine PSC processing in the model
runs, Inorun B the farther CHO, activation was lim-
ited by the low HOE abundance. In run D reaction
(R1) forims HC which can then be reprocessed by re-
action with CJONQ, 10 produce more CHO,. At b8H
K ClO, i ran 1) s similay to run B but there is less
CIONOg, more HCE and shghtly less HOCL At this
sltitude there 1s no further PSC processing and reac-
tion (K1) favars the 1ccovary of ClO, into HOL rather
than CIONQ.,.

Results from yun 1) are also compared with the
MES CIO awd CLARS CJONQO, data above (IMigures
boand 6). Comnparcd 1o rune B the reduced trend in
CIONOy st 465 K at the vortex edge inrun 1) is in
hetier agreement with the CLARS data (see Figure
G above), althoueh the model average in the inner
vortex at 45h K now wolerestimates CLAES by about
0.6 ppbv. At H&5 K 1e-nlts from run D (sampled at
the same thime as CLALS) are in better agrecinent
with the observed miagnitude and lack of trend in the
inner vortex, althoupl the model still shows a slight
increase. In the vorex edge at b8 K run D also
overestimates the CLAES data, but the diserepancy
is less than yun B The evolution of ClO at 585 K in



run 1 is sitnilar to run B both inside and at the i
of the vortex and shows equally good agreene
the MLS ClO data (Figure ). At 460 K, «
ongoing processing discussed above, run 13 b b b
average ClO than run B.

Duc to s sampling pattern, HALOL il not ol
scrve the southern vortex edge region until !
ber 17, and the inner vortex was first sanphd o
September 23, The vortex-averaged HALOL 1|
from September 17 onwards (sce also S9G g e 10)
is included in Figure 7. At 585 K in the vortox . ip
region the HCL increases from around 1.2 ppla o
September 17 o 1D ppbv. In the inner vortes N
K HCI is around 0.9 ppby on September
increases 10 1O pphv. At 465 K the HOL incro.
strongly in the edge region from around 0.4 1 pin
September 17 1o 1.0 ppbv on October 2 and 11
crease i the inner vortex s similar, T is impori

determine whether this apparent increasc in 1
true temporal increase or caused by the polewin
gression of the ITALOL observations. At Hsh I
recovery of the model vortex CLHin run 1) s
from carly Septemiber through to carly October i
both vortex regions and the model stightly o
timates the HALOL data. At 465 X (1

covery is initially slow. The rate of recovery i

Thos

slightly after September 16 aud then inereaccs
strongly after September 24, This temporal
ior in the averaged quantities agrees well vl |
HALOFE data in the edge region but appcars 1o oy
estimate HALOE in the vortex center. The e ~
in model HC is obviously a true temporsl |

and the agreement with HALOY suggests that 10
data also shows a real temporal change in 13

Run 14 contained reaction (R3) as a .00
nel. The recovery of HOI (and evolution of other o 1o

n

rine species) was only very shightly diflereut to 1o

and the results are not shown here. Iigme =
the average Cly, species from run 10 with e 35 0 he
nel for reaction (R3). In this run the effeet of thi- ¢
channel is simmilar to the eflect of reaction (R1) oy .
D.

Synoptic maps. While the above analyais Lo

een concerned with vortex-averaged quantitics s

sptic maps of chemical species from the moiel « a

also be compared with the observations. T'he

discrepancies can then be investigated in ton

structure in the chemical fields in and around
lar vortex.  Asnodel yun D gave the botier g o
ment for the vortex-averaged quantitic
this run are used. However, for comparis

]

HALOE dara asynoptic map on a given day is not ap-
propriate and so the model was sainpled at the same
the HALOL observations over
thie duration of the cxperiment. Figure 9 shows the
HALOE measwienments of HOL interpolated to 465 K
and B85 I for the period in late September and early
October 19920 The map consists of around 15 obser-
alions peroday with the lowest latitude ones corre-
sponding, to Septembor 17 and the highest latitude
ones October b Figare 9 also shows 11C] from model
tun D sampled i the sanme way as the HALOY, ob-
servations (up to October 2)0 At 585 K the magni-
tule of the moded HOE at midlatitudes is similar to
AT O with val round 0.9 ppbv. The increase
i HCL at the lighest Tatitudes is slightly underesti-
wiated in the model, which may be due, in part, to
the mitisl assmmption of zero HCH in the vortex on
Avgnst 31, At 46H K niodel run D overestimates HOI
at wndlattudes, Both run D and HALOE show a
relative i of 11 near 60°S followed by large
vl inside the vortex (note that the TALOE data
extends Torther somth thans the model plot). Althougl
the moddcl vortex-averaged HOL (Figure 7) overesti-
tates the stple HALOL HCLinner vortex average a

Joation snd tinne

point-by-point comparison shows that the model un-
derestimetes HALOL around 70°S. The higher model
vortex avorage 1. caused by recovery of HCOI nearer
- not reprocessed due to the

the pole which st
absence of CIONO,; near the vortex edge HOL can
be reprocessed heteropencously through reaction with
CIONOy i1 the collar

The divergence hetveeen the average CIONQg from
odel and CLALS is tllustrated by considering
svnoptic maps of this species. At 465 K ilie model
average CIONO, i~ significantly lower than CLAES
e the Jiner vorvexs bt similar in magnitude in the
vortex edee (Figotes G and 6d above). Figure 10b
shows that at 465 K on September 5 CLAES mea-
over 0.25 ppby CIONOsy throughout the inner
omie arcas over 0.5 ppbv) while the

€

C1on.

vortex (and in
todc has processed this ain heterogeneously resulting
i very low miixing ratios in this region. By Septem-
L 1o (Frgare 100y the model CIONO4 has increased
onty shghtly in the collan region and is still very low
i inner voriex. On September 15 the CLAES
i show a broader collar region than
the model with .25 - 0275 ppby CIONOy in the inner
vortes. Tispecticn of 1he model results show that at
465 K the model predicted aJarge arca of type 1 PSCs

o the vortex i carly Septensber. The area of PSCs

towas shll significant on Septem-

decayed steadily |



ber 23. PSC activity finally ceased in late Septonh
except for a small event i1l early October ipur i
S96 shows t he acrosol extinction from CLAES 1 1l
data shows I’SCls were present in carly Septoemb,
465 X but not T wer in the month T e s
diction of PSCs hased on au cquilibrium calenlatco,
(and an alyzed temperatures) appearsio 01,,,.,,.,,, .
PSC activity at t h i s altitude. The low (HONO):
the model inmer vortex is a result of hetcrogenn onie
processing, carly in the rury and the long tim = @ «
for CIONO7 pecovery 10 the high Jatitude, denitrific
lower stratosphere.

At 585 K the vortex averaged CIONQOg fronian 1
shows an increasing trend in the inmer vortes. where
the CLAES data shows no trend, and significant
overestimates the CLAEBES data at the vartex ol
(Figures 6a and 61 above). These diflerences s ciea
in the synoptic maps. At b8h K on Septamber B the
model shows a continuous colfar region with fow vl
ucs at the center (Figure 10a). The CLALS dan
shows higher values in the vortex with a Tnnted ool
lar region. By Septemnber 15 (Figure 10¢) the dia
from CLAES still shows the same features as Septoi
ber 5 (the edge vortex average has deercased shightly)
while in run D CIONQO, has decreased i the ool
region but inercased in the inner vortex. At heh KK
the model only predicis type 1 PSCs from Septsoala
I unti! September 3. On all these days the PsC -
gion is small and Jocated over the Pabmer poniuis
which is interesting in terms of the apparendly anorea
lous CLAES data in this region during thus tie

I'igure 11 shows a camnparison between the 111, i
ClO fields from run 1) and the MLS data. Phe ey
of high ClO is gencerally el reproduced in e noa el
at both altitudes. At h85 K the area of high 10w
the edge of the vortex is too large inthoodor
the magmtude of the highest ClO observed by Mo ¢
011 Septamnber b is well reproduced. The dicay of (10
at 58D Kin the mmodel is slightly too slow At 46t |
Pigures 1 and [ Id again emphasize that thone ©
canmol reproduce the maximum observed values o
ClO. Inthe run D the maximom model valies
around 1 .8 pphv inside the vortex, while 11, M~
values are over 2.25 ppbv in ce rtain regions of 1
vortex

Ovzone loss

Figure 12 shows the average Oz from experinn it -
A, B, C and D along, with the MLS dats at the oo
ter and edge of the polar vortex at 465 I and hisi K
The MLS data shows the Tastest rate of Oy deproiion

in the inner vortex at A6H K (around 60 ppbv/day),
and a =lightly slower rate in the edge region at this
altitnde. AL D8H K the inner vortex ozone loss rate
is sipnificantly stower than Gie same region at 465 K.
The MLS data shiows that we are considering a period
during which Oy loss s ongoing but before very low
(near zero) Oy mixing 1atios occur. At the edge of the
vortex all 4 experiiments show similar Joss rates which
fit the data well at 465 Woand slightly overestimate the
loss at 585 1K, In the inner vortex region model run 13
vuderestinates the depbtion at 465 K and overesti-
miatos the depletion ar H85 K. By including the cflects
of veriical motion {run A) the agreement is therefore
better at byh K bt woree at 465 K following the de-
seent of higher O4 mixing ratio air.  Compared to
run B orun O gives a Jareer ozone depletion at 465 K
(in better agreement with the ohservations) and very
sitnilar results at X)W where the ClyQy cycle 1s less
oportant for destioying, ozone. Compared to run B,
ron D prodoces a stronper depletion at 465 K- (due
o higher 1O, ), again in better agreement with the
observations, and gighily Jess depletion than run B
at 580 K (due ta fasten deactivation). The underesti-
mation of the ohserved O loss in the inner vortex at
465 1K is important s this is the region where there
veits the largest discrepaney between the model and
ohserved CHOL I the model had higher ClO values in
this 1egion. shniiam to those measured by MLS, the
miodeled coone Joss wonld be larger.

Sunmnary

We have nsed o new three-dimensional chemnical
transport model to study the evolution of chlorine
species (and nzone) o the Antaretic polar vortex dur-
g, Septanbar 1987 The model uses an isentropic
vertical coordinate and the horizontal winds are spee-
ified froms metcorologicnl analyses or GCM output.,
Vertical advection s calenlated using the MIDRAD
stratospheric radiation scheme. The model uses the
accnrate, non-diflnsve transport scheme of Prather
He86) aret can be eoupled with a detailed strato-
spherie chienastry seheme,

This modeling study complements a companion
data paprr by Santec of all [this issue] which inves-
tigated the deactivation of chlorine in the two polar
regions uang UARS data, The model was initialized
using, obes rvations rom the UARS MLS and CLAES
nstrutnends and the evolution of the model was com-
pared with the dava

There ware obvious chiemical inconsistencies be-




tween some of the UARS micasurements.  ields of
NOy, and Cl, derived from CLALS NoO wnderc i
mated the sum of individual embers of thew
ilics. For this reason the powerful method of e
corrclation could not be used to derive these firlib i,
the initialization procedure.

To compare the ClO fields hetween the model
measuranents the model was sampled st the saon
local titne as the MLS observations, "This wis ¢ s
necessary for the comparison of CIONQ, at O~0 |
because at this altitude CIONQy has a dcteetzhie
urnal cycle. By sampling the model ClO Jike M1
certain observed trends in the ClO data can b s
cribed to changing local solar times of the ol ri
tions during carly September.

A significant discrepancy hetween all of the 1o el
runs and the observations occurred for Cit) ar 465 Iy
At 585 K the model could reproduce the mngmn e
of the MLS observations but at 465 K the model € it
strongly underestimated MLS CHO. The MES CIHO W b
servations approach 2.4 ppbv in localized roginng o
the vortex and the inner vortex average at 165 K
Imizes at 2.0 ppbv. At 465 K the MLS data connpro
in magnitude to the model C10,. (C10 | 21,00 11t
the model partitions a considerable fractim of (o,
into ClyOg. A sensitivity run was performed {1 1)
m which the photolysis rate of ClyQg was fncrens )
by 50% to force the ClO:ClyOy partioning iu fivor f
ClO at lower altitudes. However, this larer ineies
i Jenzor could not foree the model to reprodoe th
large ClO mixing ratios observed by MLS

Another major discrepancy hetween the mosdel i
data occurred for CIONOg. At 465 K, due to vng
ing heterogencous processing and slow ClO 1ecove s,
there 1s very little CIONOg in the model inner vor
tex. In contrast the CLAES data indicites valu <
around 0.5 ppbv. Together with the CIO Ganpace
son mentioned above a major problem in the nosde] -
the simultancous underestimation of hoth the CLAT S
CIONO, and MLS CIO m the inner vortes ar 466 1.
By simply adding these two observed quantitie. (oo
Santee et al. [this issuc], Figure 1) 3t can be s
that there is around 2.7 ppbv of chlorine tied ups 1
these two species alone. As the model only has 50
ppby of Cl, inside the vortex at 465 K it wouli 1o
impossible to reproduce both the observed CHOY i
CIONQ,, after allowance is inade for Cl,0O.,

The decay of ClO was studied in the basic mod
experitment and a number of sensitivity studics o th
basic model experiment (run B) ClO decays prinnily
into CIONQy at 465 K and in the inner vortex st He

K which is not supported by the CLAES data. By
including the reaction O CIO -» HCTH Oy (R])
mron D othe inercase e CHONOg was suppressed and
CIO, decave:Dinto HCL The recovery of HCLin run D
was therddore i hettes agreement. with the HALOL
HCL data wlaclo indicaced 1aixing ratios around 1.5
ppby inthe vortex in Lite September. We also stud-
icd the reaction 1O, -0 CLO -y NCTH Oy (R3) in runs
Foand PUWith o 0.3% chiannel the effect of this reac-
tion 1o experitents was negligible, but with a 3%
channel the reaerion nereased recovery into HCL in a
sirnilar way to (R1).

Thie better aprecment of run 1 with the HCI ob-
servations would support previous evidence [ Toumt et
al 19938, Chondva of of, 1998] that reaction (R1) may
occur with around an 8% channel. Uncertainties in
the mwodel nntialization (especially of TICI) and UARS
data preclude a more definite conclusion.  Jurther-
more. the mclusion of speculative reaction (R3) with
a 3% chavnel prodoecd o shinlar effect on HCH recov-
cry. Recont mcasurennnts [Fainkbemer el al., 1995)
indicating, a h% yacld foa this channel would imply a
very nmpartant tole fur reaction (R3) in the strato-
sphere

Compared to MLS azone the largest discrepancy
1 the depletion rare aecurred in the inner vortex at
46H I This was especindly true when the eflects of
vertical nootion were 1acluded. This underestimation
of thv Og depletion in this region is interesting in
relation Lo the disaercements between the ClO and
CIONOg fielids discussedd above, In the outer vortex
at 465 K and at W8 K the mmodel depletion rate was
genarally 1 goaod avrecment with the MLS data.

The numerical nsode] experiments presented here
have sided the mterpreration of the UARS data pre-
sented by Santec o ol [this issuc]. Models are able
to gquimtify the simpliee, ellects of diurnally varying
species and test Tor the chemical self-consistency of
diflerent ditasets. The comparison between model
and data show some quantitative discrepancies. 1o
furthor investigate these will require more constraint
by improved UARS retreevals leading to better model
notiahization
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Run Vertjeal Transpaont degmee Factor  Quantum Yield

(R1)  (R3)

A yeor | (0] O
B 1o 1 0 0
C no 1.h o 0
Figure 1. Vstimate of NO;, obtained from cortelat owi s (7].‘/‘]);\ '\¥‘z(() data using l'»;nzlti-;m (1) for a) 465(5{)211(1 0 .
b) b8D K on Augnst 31 1992. b e 0 0.003
’ ! no 1 0 (.03

Figure 2. Sumn of MLS HNO4 and CLAES CHONDY e NO., (ppbv) for a) 465 I and b) H85 K on August 31
1992.

Figure 3. Position of the polar vortex (biused o 'V ¢ 'culations) showing the innes vortex (dark shading) and
the vortex cdge (lighter shading) for a) 585 K Septonibes B bY 465 I Septamber i ¢) H8H K Septemnber 15 and d)
465 K September 15,

Figure 4. Vortex averages of model C1O, ClO, 11900 CIONO,. HCLand Cl, (pply) satpled at 1200 UT versus
day (after Auguost 31 1992) from run B for a) 550 b cdge vortex, by H86 K inner vortes, ¢) 465 K edge vortex and
d) 465 K inner vortex.

Figurce 5. Vortex averages of ascending M 1S ClOy 1) andinodel (lo (pphvitora) 585 K vortex edge, b)
58h 1{ inner vortex, €) 465 « vortex edgc i di .65 1 mmer vortex. The tosd o boes beensampled atthe same
local time as the MLS measuren ient s for cac higtid amt it 465 Krun B hac also bheasampled al 1200 localtime
at all Jongitudes. Ty addition results frotn tun Ca o hownatd0b K a1 vcsubts Trom ron D at 460 K oand 585 K
(sampled like M1.S).

Figure 6. Vortex averages of ascending CLATS (JONG - (astersds) and model CIONOy (ppbv) from ran B and
run D for a) b8H K vortex edge, b) H8H I dnner verte x A6 W vortex edge, and ) 463 K iner vortex. At 585
K the modal CIONQ3 has been sampled at hatle 1000 U and a0 the local time of the CLABS measurements. At
465 K the diurnal variation of CIONQy i~ neghiethoe st rne mode) is ondy sampled 5t 1200 U'T. Note there is no
CLAES data for September 1.

Figure 7. As figure 4 but for run D Also showr < e v e avaraged HCHon HALOE (4 marks).
Figure 8. As figure 4but for run I,

Figure 9. HALOL observations of HCH (ppta g inter, vated 10 o) 585 Koand by 465 K. There are around 15
observations per day which progress sonthwards with tu 5 the Jow latitude observations were miade on September
12 and the highest latitude ones on October B He s | onpmoded yon D (sampled at the samne tiime and location
as the HALOY observations) froimn Septanher 1540 Ot ber 2 ave shovwn in fisures Se and 8d.

Figure 10, Distribution of CIONO, from CLAVS wud vodel tan D (sranpled at the same local tiime as CLATS)
for a) 585 K Septerber b, b) 465 K Septamber b ) o550 10 Septeanber 15 and ) 165 K Septernber 15, The model
ficlds are discontinuous at 180°F due to the 24 honn <bh i WU across the date b Bad data points have been
removed from the CLAES maps and show ups se seens o seros, e, near the Palioer peninsula in figure 9a.
Figurc 17, Distribution of ClO from MLS aud noodel i D (sanpled at the saane local tiime as MLS) for a) 585
K Scptanber b, h) 465 K Septemnber b, ¢i H8G K =c e er (h and d) 465 K Septanber 150 The model fields are
discantinuous at 18010 due to the 24 hovr shifi i V' ross the date Tine,

Figure 12, Vortex averages of MLS Oy (tricnel <) an nodel Oy (ppov) Tomn tans A BC and D for a) 585 K
vortex edge, b) B85 K inner vortex, ¢) 460 I voriox ede - and d) 465 K mner vortes,
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